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Abstract
Due to the complexity of GSI’s accelerator facilities and

it’s upcoming expansion FAIR [1], various methods for op-
timising accelerator settings are currently being studied to
increase efficiency and to minimise the need for manual
intervention. Besides a necessary improvement of the accel-
erator models [2–5], a better reproducibility of settings and
the development of feedback systems [6, 7], also heuristic
methods are in the focus of the investigation [8–10]. This
work presents the results, recently achieved in optimising
the transfer line from UNILAC towards SIS18 (TK) using a
genetic Autotune algorithm.

INTRODUCTION
The object of investigation was a 75 m long section of the

transfer line from UNILAC to synchrotron SIS18 behind
stripping and charge separation. Starting point was the beam
transformer GTK3DT4, where the reference current 𝐼0 for
the optimization was measured. End point was the beam
transformer GTK7DT3. The original intention was to op-
timize the entire beam transport up to the injection point
of the SIS18, but the last two transformers GTK8DT7 and
GTK9DT8 could not be used due to a technical defect.

The manual setup of the transfer line usually takes 1-2
hours. Since the SIS18 allows cycle times of < 1 s (in FAIR-
booster mode 2.7 Hz operation is foreseen [1]) and different
ion types and charge states can be requested from pulse to
pulse, the transfer channel is designed for a corresponding
repetition rate and all magnets can be pulsed with a frequency
up to 10 Hz. The high repetition rate is an ideal condition
for automatic optimisation procedures.

SIMULATION
A simulation was carried out to check the general feasi-

bility and to find the optimal operating parameters for the
genetic algorithm [11]. For the particle tracking the TK
Lattice, measured and reconstructed by Y.El Hayek [12]
(Fig. 1) was used. The standard deviation of fluctuations of
the actual current of the power supplies were measured to
0.1% for quadrupoles and 0.04% for steerer magnets. These
values were included in the simulation. The measuring ac-
curacy of the transformers (0.3%) was also considered in
order to represent the conditions of the real machine as close
as possible. Several simulations were carried out to find
the parameter set for the fastest possible convergence of the
genetic algorithm. The fitness function to be minimized
(1) represents the sum of the beam losses, measured via
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Figure 1: lattice of the transfer line (top = horizontal, bottom
= vertical): blue elements are vertical focusing and red ele-
ments are horizontal focusing quadrupoles, cyan elements
are bending dipoles.

four consecutive beam transformers with the transmission
𝜏𝑖 = 𝐼𝑖

𝐼0
weighted with a factor 𝑤𝑖. Compared to the fit-

ness function which directly evaluates the beam losses, the
slightly modified version converges more reliably.

𝐹 =
4

∑
𝑖=0

𝑤𝑖(1 − 𝜏𝑖) (1)

For this work, the same implementation of a genetic al-
gorithm was used as in [13]. All parameters were scanned
[14]. The algorithm is quite robust against hyperparameter
changes, as can be seen from the example of mutation proba-
bility (Fig. 2). The optimal parameters for the given transfer
line are listed in Table 1.
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Figure 2: parameter scan of mutation probability 𝑝𝑚 with
respect to total transmission.
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Table 1: GA Parameters

name parameter description value

𝐼 number of individuals 120
𝑁𝑘 number of most performing indivi- 1

duals kept for next generation
𝜎𝑠 variance of individuals chosen for 0.13

reproduction (0...best, 1..worst)
𝑝𝑚 probability of each gene to mutate 0.38
𝑝𝑟 probability of a gene to be replaced 0.0001
𝑝𝑐 probability for crossing over at each 0.52

gene
𝑤 weight factor 2.7

With optimized parameters a convergence in 250 gener-
ations could be achieved. The same parameters were then
used for the experiment with the real machine.

Although theoretical data exist for the transfer line, set-
ting these values directly almost always leads to suboptimal
settings with poor transmission which needs further manual
optimization. Reasons for this are, among others, the use of
different ion sources which produce different initial beam
conditions, the use of different isotopes, different settings of
the previous accelerator sections to optimize their imaging
properties and the general but small variation of currents of
the power supplies. A reproducibility of older setting data is
also not given for these reasons. The model must therefore
be better understood or alternatively in this work an autotune
procedure was applied.

EXPERIMENT SETUP
For the experiment a completely stripped argon beam

40Ar18+ with an energy of 8.6 MeV/u was used. In order
to prevent unnecessary activation, a pilot beam was used
for the optimisation. The beam current was reduced to less
than 100 µA on the reference transformer to additionally
prevent the measuring range limits from being crossed and
thus to avoid switching the beam transformers measuring
range during the optimisation process.

For the beam time the high current source was in operation,
which limited the repetition rate to 𝑓𝑟 = 1 Hz. Unfortunately
a promising run could not be completed due to a technical
defect. Since the remaining experiment time was only 𝑡 =
40 min and because 𝑡 ⋅ 𝑓𝑟 = 𝐺 ⋅ 𝐼, the final run had to be
limited to 𝐺 = 20 generations.

For the genetic algorithm the parameters from Table 1
were used and during the optimisation 2400 different settings
were tested (corresponding to 20 generations) with one beam
pulse each.

RESULTS
After the optimization time of 40 minutes, a total transmis-

sion of 𝑇 = 70% could be achieved. Figure 3 shows the de-
velopment of the transmission over the optimisation process
at 4 consecutive beam transformers. The constantly limited

transmission between reference transformer GTK3DT4 and
GTK4DT3 suggests that the setup of the beam line before
the reference transformer was not optimal and the result-
ing mismatch could not be corrected with the intermediate
quadrupole doublet GTK4QD2. For the 54 m long section
from GTK4DT3 to GTK7DT3 the final transmission was
𝑇 = 86%. For comparison: with manual tuning, values of
up to 83% could be reached for this section within a similar
optimisation time during the FAIR phase 0 physics run in
2020.
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Figure 3: development of the transmission with regard to
the reference transformer GTK3DT4.

Fitness value developed as in Figure 4. It is not yet visible
that it is approaching a lower plateau, so it is to be expected
that a longer optimization time would result in a further
improvement.
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Figure 4: development of fitness value during the online
optimization process.

Low magnet excitations were not particularly preferred
by the algorithm, so steerer magnets were not optimized to
a low angle if this was not explicitely necessary to avoid
losses. Therefore all profile grids show more offset than one
would expect from a manual setup (Fig. 5).

CONCLUSION & OUTLOOK
The transfer channel is an ideal application for the auto-

tune algorithm and should be further investigated and opti-
mized. Both, setup time and transmission results are at least
equivalent to manual tuning.

The entire channel should be optimized again in full length
under normal operating conditions. For this purpose, an
interruption protection must be implemented so that after
interruptions it is not necessary to start the optimisation
again from the beginning.

If the SIS18 fast beam transformer can be integrated into
the optimization process, the injection efficiency could be
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Figure 5: profile grid measurements of the best setting, left -
the horizontal pane left and right - the vertical pane.

optimized directly. In this case the difficulty is to coordinate
the synchronous access to parameters of the new FAIR set-
tings management system [15], which is already in use from
SIS18 downstream, and the legacy GSI control system used
at UNILAC. If successful, further LSA top level parameters
could be used for optimization and thus the complete injec-
tion process could be optimized online, as already suggested
in [16].

A parallel simulation can eliminate total losses and thus
reduce the number of cycles required. It has also been sug-
gested that the BOBYQA algorithm [17] instead of a genetic
algorithm can lead to a slightly faster convergence [18].

REFERENCES
[1] P. J. Spiller et al., “Status of the FAIR Project”, in Proc.

9th Int. Particle Accelerator Conf. (IPAC’18), Vancou-
ver, Canada, Apr.-May 2018, pp. 63–68. doi:10.18429/
JACoW-IPAC2018-MOZGBF2

[2] M. Sapinski et al., “Measurements of the GSI Transfer Beam
Lines Ion Optics”, in Proc. 10th Int. Particle Accelerator Conf.
(IPAC’19), Melbourne, Australia, May 2019, pp. 131–134.
doi:10.18429/JACoW-IPAC2019-MOPGW024

[3] D. Ondreka, H. Liebermann, and B. R. Schlei, “Opti-
mization of the SIS18 Injector Operation for FAIR”, in
Proc. 5th Int. Particle Accelerator Conf. (IPAC’14), Dres-
den, Germany, Jun. 2014, pp. 2088–2090. doi:10.18429/
JACoW-IPAC2014-WEPRO061

[4] O. Geithner et al., “Ion-optical Measurements at
CRYRING@ESR during Commissioning”, in Proc.
9th Int. Particle Accelerator Conf. (IPAC’18), Van-
couver, Canada, Apr.-May 2018, pp. 3161–3164.
doi:10.18429/JACoW-IPAC2018-THPAF077

[5] S. A. Litvinov, A. Dolinskyy, O. E. Gorda, M. Steck, H.
Weick, and D. Toprek, “Effects of Field Imperfections in
the Isochronous Mode of the CR Storage Ring at FAIR”, in
Proc. 4th Int. Particle Accelerator Conf. (IPAC’13), Shanghai,
China, May 2013, paper WEPEA009, pp. 2510–2512.

[6] B. R. Schlei, H. Liebermann, D. Ondreka, P. J.
Spiller, and R. J. Steinhagen, “Closed Orbit Feed-

back for FAIR - Prototype Tests at SIS18”, in
Proc. 8th Int. Particle Accelerator Conf. (IPAC’17),
Copenhagen, Denmark, May 2017, pp. 1784–1786.
doi:10.18429/JACoW-IPAC2017-TUPIK045

[7] R. J. Steinhagen et al., “Beam-Based Feedbacks
for FAIR - Prototyping at the SIS18”, in Proc.
8th Int. Particle Accelerator Conf. (IPAC’17),
Copenhagen, Denmark, May 2017, pp. 1787–1790.
doi:10.18429/JACoW-IPAC2017-TUPIK046

[8] S. Appel et al., “Automatized Optimization of Beam
Lines Using Evolutionary Algorithms”, in Proc. 8th
Int. Particle Accelerator Conf. (IPAC’17), Copenhagen,
Denmark, May 2017, pp. 3941–3944. doi:10.18429/
JACoW-IPAC2017-THPAB096

[9] W. Geithner et al., “Genetic Algorithms for Machine Opti-
mization in the Fair Control System Environment”, in Proc.
9th Int. Particle Accelerator Conf. (IPAC’18), Vancouver,
Canada, Apr.-May 2018, pp. 4712–4715. doi:10.18429/
JACoW-IPAC2018-THPML028

[10] D. M. Vilsmeier, M. Bai, and M. Sapinski, “Transfer Line
Optics Design Using Machine Learning Techniques”, in
Proc. 10th Int. Particle Accelerator Conf. (IPAC’19), Mel-
bourne, Australia, May 2019, pp. 139–142. doi:10.18429/
JACoW-IPAC2019-MOPGW026

[11] M. Mitchell, “An Introduction to Genetic Algorithms”, MIT
Press Cambridge, ISBN:0-262-13316-4, 1996.

[12] Y. El-Hayek, M. M. Kirk, D. Ondreka, P. J. Spiller, and U.
Ratzinger, “Initial Beam Loss and Control of Dynamic Vac-
uum Effects in SIS18”, in Proc. 4th Int. Particle Acceler-
ator Conf. (IPAC’13), Shanghai, China, May 2013, paper
MOPFI010, pp. 300–302.

[13] S. Reimann, M. Droba, O. Meusel, and H. Podlech, “An Al-
gorithm for Automated Lattice Design of Transfer Lines”, in
Proc. 10th Int. Particle Accelerator Conf. (IPAC’19), Mel-
bourne, Australia, May 2019, pp. 127–130. doi:10.18429/
JACoW-IPAC2019-MOPGW023

[14] S. Reimann, “Investigations of the automatic design and op-
timisation of beam transport lines in particle accelerators
with dedicated imaging properties”, Dissertation, Goethe-
University, Frankfurt am Main, Germany, Dec. 2021

[15] D. Ondreka, J. Fitzek, H. Liebermann, and R. Mueller,
“Generic Settings Generation for FAIR: First Experience at
SIS18”, in Proc. 6th Int. Particle Accelerator Conf. (IPAC’15),
Richmond, VA, USA, May 2015, pp. 156–158. doi:10.
18429/JACoW-IPAC2015-MOPWA027

[16] S. Appel and O. Boine-Frankenheim, “Optimization of Multi-
turn Injection into a Heavy-Ion Synchrotron using Genetic
Algorithms”, in Proc. 6th Int. Particle Accelerator Conf.
(IPAC’15), Richmond, VA, USA, May 2015, pp. 3689–3692.
doi:10.18429/JACoW-IPAC2015-THPF007

[17] Powell, M. J. D., “The BOBYQA algorithm for bound con-
strained optimization without derivatives”, (Report, June
2009), Department of Applied Mathematics and Theoretical
Physics, Cambridge University. DAMTP 2009/NA06

[18] S. Appel and S. Reimann, “Beam Line Optimiza-
tion Using Derivative-Free Algorithms”, in Proc. 10th
Int. Particle Accelerator Conf. (IPAC’19), Melbourne,
Australia, May 2019, pp. 2307–2310. doi:10.18429/
JACoW-IPAC2019-WEPMP005

13th Int. Particle Acc. Conf. IPAC2022, Bangkok, Thailand JACoW Publishing
ISBN: 978-3-95450-227-1 ISSN: 2673-5490 doi:10.18429/JACoW-IPAC2022-TUPOST031

TUPOST031C
on

te
nt

fr
om

th
is

w
or

k
m

ay
be

us
ed

un
de

rt
he

te
rm

s
of

th
e

C
C

B
Y

4.
0

lic
en

ce
(©

20
22

).
A

ny
di

st
ri

bu
tio

n
of

th
is

w
or

k
m

us
tm

ai
nt

ai
n

at
tr

ib
ut

io
n

to
th

e
au

th
or

(s
),

tit
le

of
th

e
w

or
k,

pu
bl

is
he

r,
an

d
D

O
I

924

MC6: Beam Instrumentation, Controls, Feedback and Operational Aspects

T33: Online Modeling and Software Tools


